The ribonucleoprotein enzyme telomerase maintains telomeres and is essential for cellular immortality in most cancers. Insight into the telomerase mechanism can be gained from syndromes such as dyskeratosis congenita, in which mutation of telomerase components manifests in telomere dysfunction. We carried out detailed kinetic and thermodynamic analyses of wild-type telomerase and two disease-associated mutations in the reverse transcriptase domain. Differences in dissociation rates between primers with different 3 ends were independent of DNA affinities, revealing that initial binding of telomerase to telomeric DNA occurs through a previously undescribed two-step mechanism involving enzyme conformational changes. Both mutations affected DNA binding, but through different mechanisms: P704S specifically affected protein conformational changes during DNA binding, whereas R865H showed defects in binding to the 3 region of the DNA. To gain further insight at the structural level, we generated the first homology model of the human telomerase reverse transcriptase domain; the positions of P704S and R865H corroborate their observed mechanistic defects, providing validation for the structural model. Our data reveal the importance of protein interactions with the 3 end of telomeric DNA and the role of protein conformational change in telomerase DNA binding, and highlight naturally occurring disease mutations as a rich source of mechanistic insight.
INTRODUCTION
Human telomeres are composed of 5-15 kbp of the DNA repeat 5 -TTAGGG-3 at the ends of chromosomes [1] , forming a protective cap which prevents chromosome end-toend fusions, recombination and degradation. With each cell division, telomeres in normal cells shorten by ∼50-200 bp; eventually, a critical threshold is reached which results in cell replication being arrested, a process known as cellular senescence [2] . Approximately 90 % of all human cancers contain high levels of the ribonucleoprotein enzyme telomerase, which provides a telomere maintenance mechanism necessary for their unlimited growth [3] [4] [5] . This is in contrast with normal (mortal) human cells where levels of telomerase are very low or undetectable [6] .
The core human telomerase enzyme complex consists of three components: human telomerase reverse transcriptase (hTERT), an RNA component (hTR) and the protein dyskerin [7] . Mutations in any of the three telomerase genes, or those encoding other telomerase-associated proteins, can result in low levels of telomerase or an enzyme with compromised activity, leading to insufficient telomere maintenance in germline cells and throughout development [8] [9] [10] . This can manifest in one of a number of telomere syndromes such as dyskeratosis congenita, idiopathic pulmonary fibrosis and aplastic anaemia [9, 11, 12] .
hTERT, the catalytic subunit of human telomerase, catalyses nucleotide addition on to the single-stranded 3 end of the telomere. hTERT contains four conserved structural domains: the telomerase essential N-terminal (TEN) domain, the telomerase RNA-binding domain (RBD), the reverse transcriptase (RT) domain and the C-terminal domain ( Figure 1A ). Crystal structures have been determined for regions of telomerase reverse transcriptase (TERT) (RBD and TEN) from various nonmammalian species [13] [14] [15] [16] and the full-length TERT from the beetle Tribolium castaneum (Tc TERT) [17, 18] . TcTERT lacks the TEN domain and consists of only 596 amino acids (compared with 1132 for human); as yet the RNA component has not been identified [19] . However, the RT domain is relatively well conserved, so the TcTERT crystal structure provides a useful guide to the possible architecture of the RT domain of TERT from higher eukaryotes.
The RT domain contains seven conserved motifs shared with conventional RTs: motifs 1, 2, A, B , C, D and E. Motifs A and C contain a catalytic triad of universally conserved aspartate residues; mutating any of these residues abolishes telomerase activity [20] . This supports a mechanism in which telomerase co-ordinates metal ions to stabilize developing negative charge during nucleotide addition, a mechanism common to conventional reverse transcriptases [21] . TERT also exhibits unique features compared with conventional RTs, including use of a template embedded in an integral RNA subunit and the ability to add multiple copies of the template through repeated cycles. The latter ability, known as repeat addition processivity, involves separation of the DNA-RNA duplex and translocation of the DNA relative to the enzyme active site. There is evidence that separation of the DNA-RNA duplex occurs outside the 868 and Asp 869 , blue sticks). In close proximity is Arg 865 (green sticks), shown in the present study to play a role in increasing the affinity for incoming dNTPs, and Val 867 (grey sticks), which ensures the correct dNTP is added [64] . The three proline residues of the PPII helix are also highlighted as sticks (Pro 704 with cyan carbons). (C) Alignment of permutated 18 nt human telomeric DNA primers with the telomerase RNA template. enzyme active site, followed by repositioning in the active site after translocation; these movements probably require a major conformational change(s) [22] .
It is well established that interactions between the TEN domain and the 5 region of the DNA primer (two to three repeats from the 3 end), distinct from the RNA-DNA hybrid, are required for repeat addition processivity and high-affinity DNA binding [23] [24] [25] [26] [27] [28] [29] . This 'anchor site' allows telomerase to remain bound to DNA during translocation when the DNA unpairs from the RNA before realignment [30, 31] . In addition to the classical anchor site at the 5 end of the DNA primer, interactions with the 3 end of the primer also contribute to DNA binding. Kinetic and mutational analyses showed the TEN domain to be involved in conformational changes required to position the 3 region of the primer in the active site during nucleotide addition [32, 33] . In addition, telomeric DNA primers with different 3 ends vary significantly in rates of dissociation from telomerase [34] ; it was hypothesized that these differences are due to specific interactions between hTERT and the 3 end of the primer.
To further explore the mechanistic relationship of these unique features, we measured thermodynamic and kinetic binding parameters between telomerase and each of the six permutations of the telomeric repeat, as well as rates of nucleotide addition at each of the six positions along the RNA template. To identify specific residues involved in the telomerase mechanism we measured these parameters using both wild-type hTERT and the hTERT mutants P704S and R865H, which were identified in patients suffering from dyskeratosis congenita [35] and idiopathic pulmonary fibrosis [36] , respectively. Pro 704 and Arg 865 are located in the RT domain ( Figures 1A and 1B) and are well conserved, and the corresponding amino acids in TcTERT are in close proximity to the catalytically essential triad of aspartate residues [17] . Both mutations affect telomerase activity [37] [38] [39] , but the mechanistic basis of their defects is unknown.
Our data provide direct evidence that the initial binding of telomerase to DNA is regulated by a two-step mechanism involving enzyme conformational changes. hTERT amino acid Pro 704 is involved specifically in these conformational changes, whereas Arg 865 forms part of a 3 DNA 'anchor site'. We generated the first homology model of the RT domain of hTERT, which provides a structural framework for the roles of these amino acids. Our study elucidates the different biochemical basis of two disease-associated telomerase mutants to reveal a fundamental aspect of the telomerase mechanism.
MATERIALS AND METHODS
Expression of human telomerase in human embryonic kidney (HEK)-293T cells [32] , immunopurification of telomerase [32] , telomerase DNA-binding assays [32] , dissociation rate assays [34] and pulse-chase assays to measure telomerase processivity [40] were carried out with modified versions of previously published protocols; further details can be found in the Supplementary Online Data.
Telomerase activity assays
All reactions had a final volume of 20 μl, contained 2 fmol of immunopurified, overexpressed telomerase and were performed at 37
• C. Telomerase DNA complexes were pre-formed in human telomerase buffer (20 mM Hepes/KOH, pH 7.9, 2 mM MgCl 2 , 50 mM KCl, 5 mM DTT, 1 mM spermidine, 10 % glycerol and 0.1 % Triton X-100) for 30 min. Reactions were initiated by the addition of dNTP (see concentrations below) and extended for 30 min, which is within the linear phase of enzyme activity for wild-type and all mutant enzymes (Supplementary Figure S1c) . Reactions were stopped by the addition of EDTA to a final concentration of 20 mM; 1000 c.p.m. of a 32 P end-labelled 12 nt biotinylated oligonucleotide was added as a recovery and loading control. Reaction products were bound to M-280 streptavadinDynabeads ® (Life Technologies) at room temperature with 1000 rev./min shaking for 15 min, washed twice with BW buffer (5 mM Tris/HCl, pH 7.9, 0.5 mM EDTA and 1 M NaCl) and once with TE buffer (10 mM Tris/HCl, pH 8.0, and 1 mM EDTA).
Products were eluted in 10 μl of formamide loading buffer (90 % deionized formamide, 0.1 % Bromophenol Blue and 0.1 % Xylene Cyanol in TBE) containing 0.5 mM biotin. Immediately before gel loading, samples were heated to 70
• C for 5 min and chilled on ice for 2 min before centrifuging at 16 000 g at 4
• C for 2 min. Half the reaction was electrophoresed on a denaturing 12 % of polyacrylamide/8 M urea sequencing gel for 2 h at 85 W. The gel was dried at 80
• C for 30 min, exposed to a phosphorimager screen, scanned with a Typhoon 9410 Workstation and quantified with ImageQuant software.
For processive reactions, biotinylated DNA concentrations in the ranges 0.1-20 nM, 0.1-600 nM and 1-600 nM were used to define K m values for wild-type, P704S and R865H telomerase, respectively. Reactions were initiated by the addition of 0.5 mM dTTP, 0.5 mM dATP, 4.6 μM non-radioactive dGTP and 0.33 μM [α- 32 P]dGTP at 20 and 6000 Ci/mmol (PerkinElmer Life Sciences). For experiments defining K m , the intensity of extension products was summed and normalized against the intensity of the 32 P-labelled 12 nt oligonucleotide loading control to give relative activities. These data were then expressed as a percentage of the reaction with maximal activity and plotted against DNA (substrate) concentration [S] . The curve was fitted to the equation
. Processivity was calculated as described previously [41] .
Experiments measuring the affinity of dNTP were performed at saturating DNA concentration with respect to maximal activity. For wild-type, a 20 nM concentration of primer was used for each register; for P704S, 20 nM DNA-1, DNA-2, DNA-4, DNA-5 and DNA-6, and 400 nM DNA-3 were used; for R865H, 200 nM DNA-1, DNA-3, DNA-4 and DNA-6, and 400 nM DNA-2 and DNA-5 were used. The indicated concentration of dNTP was added at a constant specific activity of 200 Ci/mmol for dGTP and 100 Ci/mmol for both dATP and dTTP. dGTP was readily misincorporated opposite non-complementary template bases when it was the sole dNTP; to prevent this we added 100 μM ddTTP to experiments measuring dGTP affinity. The addition of ddTTP did not affect the rate of the reaction (results not shown).
For experiments which measured the polymerization rate (k obs ), reaction mixtures included a single radiolabelled nucleotide at primer concentrations that result in a fully bound enzyme and saturating dNTP concentrations. For wild-type, a 50 nM concentration of primer was used for each register except for DNA-3, for which a 150 nM concentration was used; for P704S, a 50 nM concentration of primer was used for each register. An amount of 100 μM ddTTP was added to experiments measuring the polymerization rate of dGTP addition.
Homology modelling of wild-type hTERT and the P704S and R865H mutants
The amino acid sequence of hTERT was submitted to HHpred [42] to search for close structural analogues in the PDB [43] . The top four templates (TcTERT, PDB code 3KYL; Takifugu rubripes TERT RBD, PDB code 4LMO; Tetrahymena thermophila RBD, PDB code 2R4G; Ty3 reverse transcriptase, PDB code 4OL8) were then merged to create a threaded sequence alignment which was submitted to Modeller V [44] . The resultant model was then imported into Sybyl -X 2.1.1 (Certara L.P.), stereochemical clashes were removed and the polyproline II (PPII) helix manually built. The model was then minimized sequentially (hydrogens, side chains, backbone) under the Tripos force field [45] with added Gasteiger-Hückel charges [46] for 10 000 iterations. The stereochemical quality of the resultant homology model of hTERT was checked using the PROCHECK program [47] . The linker region (residues 192-334) and residues 753-783 had no structural Table 1 Oligonucleotides used in the present study
Biotin-GGGTTAGGGTTAGGGTTA DNA-5
Biotin-GGTTAGGGTTAGGGTTAG DNA-6
Biotin-GTTAGGGTTAGGGTTAGG (TTAGGG) 4 Biotin-TTAGGGTTAGGGTTAGGGTTAGGG (GTTAGG) 4 Biotin-GTTAGGGTTAGGGTTAGGGTTAGG DNA-1-linker Biotin-CTAGACCTGTCATCATTAGGGTTAGGGTTAGGG Non-telomeric Biotin-AGCCACTATCGACTACGCGATCAT template with which to obtain a good model and as such were removed from the model and not included in the stereochemical checks. PROCHECK indicated that the model had either the same or better stereochemical quality than a typical 2 Å (1 Å = 0.1 nm) resolution crystal structure. Mutant structures (P704S and R865H) were constructed in PyMOL (http://www.pymol.org) and then subset minimized, around the particular mutation, in Sybyl-X 2.1.1 under the Tripos force field [45] with added Gasteiger-Hückel charges [46] for 10 000 iterations.
Analysis of the backbone flexibility was conducted using the FlexServ server [48] and results were plotted in GraphPad Prism (version 6.02 for Windows).
RESULTS

Disease-associated hTERT variants P704S and R865H have reduced telomerase activity
To quantify the effects of the P704S and R865H mutations on telomerase activity, we first measured total processive activity levels using each of the six permutations of a human telomeric 18 nt DNA primer ( Figure 1C and Table 1 ).
Activity was measured using immunopurified telomerase overexpressed in HEK-293T cells and a direct (non-PCR) assay involving incorporation of radiolabelled nucleotides ( Figure 2A ). Enzyme concentration was normalized by quantifying the telomerase RNA component hTR (Northern blot) and the telomerase reverse transcriptase component hTERT (Western blot) (Supplementary Figures S1a and S1b) and reactions were stopped at 30 min, which is within the linear range for wild-type, P704S and R865H telomerase (Supplementary Figure S1c) . Primer concentrations were saturating for each primer and each mutant, as determined by quantification of K m values over a range of DNA concentrations with each of the three enzymes (Supplementary Figures S1d and S1e). Consistent with previous observations, telomerase activity (i.e. total radiolabelled nucleotide incorporated into product) was lower for both P704S and R865H telomerase compared with wild-type [37, 38] (Figures 2A and 2B ). The P704S mutation had no effect on repeat addition processivity, whereas the R865H mutation caused a ∼3-7-fold processivity defect [38, 39] (Table  S1 ). Elucidating the mechanistic basis for these changes required further analyses, as detailed below.
Differences between K m and K d for human telomerase
Primer K m (i.e. the primer concentration at which half-maximal enzyme activity is observed) is not always an accurate measure of primer affinity, since many kinetic and thermodynamic parameters can contribute to the value of K m . To measure primer affinity (K d ) directly we used a pull-down assay that we developed for Tetrahymena telomerase [23] and adapted for use with human telomerase [32] . Biotinylated 18 nt telomeric primers at various concentrations were incubated with immunopurified human telomerase before being removed with NeutrAvidin beads; the amount of telomerase remaining in the supernatant was quantified by probing dot blots for hTR. Control experiments established that: (i) binding was specific to telomeric DNA, (ii) equilibrium had been attained, (iii) binding was unlikely to be affected by steric hindrance from the beads, and (iv) the enzyme concentration was sufficiently low to not interfere with affinity measurements (Supplementary Table S2 ). An example of this assay with wildtype telomerase and DNA-1 is shown in Figure 3 Table 2 . The data demonstrate that primer K m does not accurately reflect primer affinity (K d ) for human telomerase ( Figure 3B ). The K d did not correlate with the extent to which the DNA could potentially basepair to the RNA template, confirming that this has little effect on overall affinity, as previously demonstrated [34, 49, 50] .
A two-step mechanism regulates the initial binding of human telomerase to DNA It has been shown that there is significant variation in telomerase DNA dissociation rates (k off ) of up to 100-fold, depending on the position of the 3 end of the primer in relation to the RNA template [34] . Since the differences in K d we observed were more modest (up to 9-fold), we measured the dissociation rate for each of the six DNAs under our experimental conditions using a primer competition telomerase activity assay [34, 40] to obtain a mechanistic basis for the various off-rates. The primer of interest was incubated with immunopurified telomerase to preform the telomerase DNA complex, after which a 100-fold excess of competing primer of a different length was added. Aliquots were removed over time and any primer remaining associated with telomerase was labelled with the appropriate mixture of dNTPs. An example with DNA-2 is shown in Figure 3 (C). Off-rates were determined by plotting the dissociation of the primer of interest over time (Supplementary Figure S2b) . To establish that off-rates represented the dissociation of DNA and not active dissociation facilitated by the competing DNA, we determined the off-rate for DNA-6 with three different concentrations of competing primer (Supplementary Figure S2c) , which did not differ significantly.
We observed up to 30-fold differences in off-rate between different DNAs ( Figure 3D ), indicating significant variation in the stability of the enzyme-DNA complexes. DNA-4 displayed the highest off-rate despite having the greatest amount of base-pairing potential with the RNA template, emphasizing the importance of protein-DNA interactions [34] . However, there was no apparent correlation between k off and K d ( Figure 3D ). The discrepancy is most obvious when comparing DNA-1 with DNA-4; the K d for these DNA primers is identical (∼3 nM) despite a ∼30-fold difference in k off . These data are inconsistent with a simple onestep 'rigid body' binding mechanism, wherein k on is governed by diffusion and electrostatic interactions and would be the same for different primers, such that k off is directly proportional to K d ( Figure 3E , top panel). We propose that human telomerase binds telomeric DNA via a two-step mechanism that involves enzyme conformational change. Such a mechanism can have dramatic effects on binding kinetics that are not reflected in binding affinities [51] [52] [53] , resulting in data that is sometimes counterintuitive: for example, telomerase has ∼3-fold lower affinity (K d ) for DNA-3 than for DNA-4, yet DNA-3 has a ∼3.5-fold lower off-rate (k off ), i.e. DNA-3 binds with lower affinity yet its complex with telomerase is more stable. Given the six distinct pairs of binding parameters at each of the six registers for telomerase and telomeric DNA, we propose that initial binding of DNA to each register along the RNA template is governed by a different conformational change and profile of non-covalent binding interactions.
In the absence of dynamic structural data for telomerase we are unable to definitively determine whether the DNA induces a conformational change in telomerase ('induced-fit'; Figure 3E , bottom panel), or whether it stabilizes a pre-existing conformational isomer of the enzyme ('conformational selection') 54, 55] . However, kinetic data can aid in this distinction; in the case of induced-fit, the observed rate of association increases non-linearly with increasing ligand concentration, whereas for conformational selection the rate of association decreases with increasing ligand concentration [54, 56] . We therefore determined the association rate of DNA-6 to telomerase at two different DNA concentrations (0.5 nM and 2 nM) using a modified version of the pulse-chase off-rate assay and observed a 15-fold increase in observed association rate ( Figure 3F ). This supports an induced-fit mechanism for telomerase binding to its DNA substrate. It has been demonstrated that an extrinsic 5 bp DNA-RNA hybrid, mimicking a DNA 3 end hybridized with the telomerase RNA template, can reduce telomerase repeat processivity [22] . This indicates that the hybrid is able to enter an unoccupied active site, leading to the interpretation that dissociation of DNA from the RNA template during translocation occurs outside the active site. To address whether the initial binding of primer also occurs outside the active site, we analysed the K d of DNA-1 in the presence of a high concentration (10 μM, 25-20000 equivalents) of the 5 bp RNA-DNA hybrid that effectively reduced the processivity of telomerase [22] . The K d of singlestranded primer was only modestly increased, from ∼3 nM to ∼13 nM (Supplementary Table S2 ). Such poor competition is inconsistent with initial DNA binding to RNA occurring outside the active site. We therefore favour the interpretation that DNA hybridizes to the template within the telomerase active site, followed in a second step by protein conformational changes.
Pro 704 participates in conformational change associated with the binding of DNA
Proline is a unique amino acid, in that the side chain is cyclized on to the backbone amide position. This causes proline residues to be conformationally rigid and they are often active components of conformational change [57] . Therefore we also measured K d and k off for all six DNAs with P704S telomerase (Figures 4A and 4B, and Supplementary Figure S3) . Again, large differences in off-rate between primers were not reflected in K d for P704S telomerase ( Figure 4C ). This indicates that P704S telomerase also uses a two-step mechanism to bind telomeric DNA. In general, P704S exhibited similar or lower K d values to wild-type telomerase ( Figure 4D ), but slightly higher k off values for some primers ( Figure 4E ). This indicates a tighter equilibrium binding but higher dissociation rate for several of the DNAs and P704S telomerase. This is most obvious for DNA-5; the K d was ∼6-fold lower for P704S than wild-type, whereas k off was ∼1.5-fold higher. This behaviour could be explained by an increase in the overall on-rate of binding: because k on is governed by diffusion and electrostatic interactions this necessitates an increase in the rate of conformational change, k F ( Figure 3E ). The data support the proposal that Pro 704 participates in a conformational change(s) associated with the binding of DNA.
We also measured the polymerization rate at each position of the RNA template for wild-type and P704S telomerase ( Figures 4F  and 4G ). Reactions including a single radiolabelled nucleotide were carried out at saturating primer (as determined by K d ) and saturating dNTP concentrations (see below) for 30 min, which is within the linear range of the wild-type and P704S reactions. It was not possible to perform the experiments at high enough enzyme concentration such that product dissociation could be unequivocally ruled out as a factor in the rate (i.e. single-turnover conditions); we have therefore termed the resulting rate constant k obs rather than k cat . The trend in k obs between the different primer 3 end positions was similar for wild-type and P704S telomerase. DNA-1 and DNA-2 were extended 2-3-fold faster than DNA-3, DNA-4, DNA-5 and DNA-6, which have similar rates of extension. The differences in rate do not correlate with up to 40-fold differences in enzyme dissociation rates measured for these six primers ( Figure 4E ), indicating that primer dissociation is not rate-limiting in this experiment. P704S demonstrated 4-5-fold lower k obs than wild-type telomerase at all template positions ( Figure 4G) , which reflects the level of reduction in overall activity of this mutant ( Figure 2B ).
R865H telomerase shows defects in DNA-binding affinity and nucleotide affinity, and uses a dissociative method of repeat addition
R865H has been shown to result in a dramatic reduction in processivity [38, 39] ; however, the mechanistic basis for this defect has not been explored. We therefore carried out a mechanistic analysis of R865H in order to elucidate any differences in the mechanism of its telomerase activity defect compared with P704S.
The R865H mutation displayed a significant increase in K d for each of the six primers when compared with wild-type telomerase ( Figure 5A and Table 2 , and Supplementary Figure S4) . The most dramatic defect was with DNA-2 ( Figure 5A ), for which a 680-fold increase in K d was observed. We hypothesize that this dramatic reduction in affinity for DNA precludes translocation by greatly increasing the dissociation rate of the DNA (i.e. k off >>> k trans ). In comparison, the apparent defect in repeat addition processivity of R865H (∼3-7-fold; Table S1 ) seemed relatively modest, so to ascertain whether R865H telomerase demonstrates true processivity, i.e. one enzyme molecule remaining bound to the same molecule of extending product DNA, we performed a pulse-chase assay ( Figure 5B ).
Biotinylated DNA-5 was pre-bound to telomerase, and the reaction was initiated with addition of radiolabelled dNTPs and incubation for 10 min. At this point a 100-fold excess of non-biotinylated DNA-5 was added, and aliquots of the reaction were removed after a further 10, 20, 50 or (in the case of R865H) 110 min. Biotinylated products were then recovered with streptavidin-coated beads. Both wild-type and P704S telomerase reactions demonstrated processivity: the initial biotinylated primer remained bound to telomerase during the course of the reaction and an increase in longer extension products was observed after the addition of the excess of nonbiotinylated primer ( Figure 5B ). On the other hand, there was no increase in the length of biotinylated products over time with R865H, demonstrating that R865H telomerase is not processive. The apparent low level of 'processivity' of this enzyme seen in the present study and previous studies [39, 58] derives from dissociative addition, in which enzyme molecules dissociate after addition of one repeat and then rebind already extended DNA molecules. This behaviour is consistent with the weak affinity of this enzyme for DNA, leading to its dissociation before it can translocate.
R865H telomerase showed a specific activity defect when extending DNA-5 (Supplementary Figure S4b) , with activity only 20 % compared with the extension of DNA-1. When DNA-5 is bound at the 5 end of the RNA template, translocation must occur before the next G can be added; for R865H it is likely that dissociation occurs much more readily than translocation. A specific polymerization defect opposite the middle C of the RNA template was also observed for a mutation in the TEN domain with greatly reduced DNA-binding affinity [32] .
For R865H telomerase the primer K m is 5-35-fold lower than the primer K d for each of the six DNA primers (Supplementary  Table S3 ). Our data show that R865H has maximal catalytic activity when a small proportion of the enzyme is bound by DNA. This is probably caused by substrate inhibition due to the high concentration of DNA necessary to fully occupy R865H
telomerase. As such, we were unable to measure k off and k obs rates for R865H telomerase as both parameters rely on the enzyme being at least 50 % bound. It is likely that some of the activity defect observed in Figure 2 is due to the DNAbinding defect of this mutant, whereas P704S has a catalytic defect that is independent of DNA binding. To explore whether other parameters could contribute to the lower activity of R865H, we determined the nucleotide K m for single nucleotide addition to each of the six DNAs for wild-type, R865H and P704S telomerase. An example using DNA-1 is shown in Figure 5 (C). dNTP K m values were determined using various concentrations of a single radiolabelled nucleotide. As repeat addition processivity is not a factor, this K m can be seen as an indication of dNTP affinity. dNTP K m values were of a similar magnitude for wild-type and P704S telomerase at each of the six positions (Table 3) , with variation of 2-fold. We observed a ∼10-fold increase in dNTP K m for R865H for five out of the six positions and a more modest ∼2-fold increase for DNA-5. Our combined data show that Arg 865 is an important residue with diverse roles in the telomerase active site. The R865H mutation causes substantial defects in nucleotide affinity and DNA-binding affinity; the latter defect results in this enzyme using a dissociative method of repeat addition.
Generation of a homology model for the RT domain of human telomerase
High-resolution structures are not yet available for any region of hTERT. To provide a structural framework for the mechanistic defects of R865H and P704S telomerase, we generated a homology model of the RT and RBD domains of hTERT ( Figure 1B) , based on the crystal structures of TcTERT, Ty3 (a reverse transcriptase) and several TERT RBDs (see the Materials and methods section). In this model, Pro 704 sits in a loop between an α-helix and a β-sheet near the enzyme's active site, whereas Arg 865 is on the edge of the active-site pocket. Modelling the effects of mutating these amino acids to serine and histidine respectively suggests that P704S imparts greater flexibility to the loop, whereas R865H disrupts a cation-π interaction with the aromatic ring of Tyr 846 ( Figure 6 ).
DISCUSSION
Large differences in the rate of dissociation (k off ) between the six different registers of a telomeric TTAGGG repeat are not reflected in K d , leading us to propose that human telomerase uses a twostep mechanism to regulate initial binding to its DNA substrate. There are two general models that have been invoked to explain this type of enzyme-ligand binding behaviour: (i) 'induced-fit', whereby the ligand induces a change in enzyme structure to produce a tighter fit, or (ii) 'conformational selection' in which unbound enzyme pre-exists in an ensemble of conformations, of which one is stabilized by interaction with the ligand [54, 55] ( Figure 3E , bottom panel). Alternatively, a mixture of both the induced fit and conformational selection mechanisms could be occurring [54] . In the absence of dynamic structural data for telomerase we are unable to definitively distinguish between these models for the involvement of telomerase conformational change in DNA binding; however, a limited kinetic analysis is more consistent with an induced-fit mechanism [54] ( Figure 3F ). The six distinct pairs of binding parameters for each of the six DNAs suggest that the induced conformational change is different upon binding of each telomeric 3 register. It is clear that many protein and RNA conformational changes take place during the complex process of telomerase-mediated nucleotide addition and translocation. For example, there is evidence that the single-stranded RNA regions on either side of the Tetrahymena telomerase template undergo reciprocal compression and expansion to mediate translocation [59] . The human enzyme undergoes a slow conformational change to allow repositioning of the DNA-RNA template hybrid within the active site after its translocation [22, 60] . The TEN domain of hTERT co-operates closely with the active site to provide high-affinity binding and correct positioning of the 3 end of the DNA [26, 32, 33] . The present study provides evidence for enzyme conformational changes specifically upon initial binding to DNA; it is possible that these changes may resemble those that occur later, during telomerase-mediated DNA extension. One strength of the system used in the present study is the presence of fulllength hTERT and an in vivo reconstituted enzyme complex, which allows for the full range of conformational changes provided by different parts of the enzyme. Although we have identified an involvement of one specific region of the RT domain in the initial DNA-binding step, it is highly likely that other parts of the enzyme, such as the TEN domain, are also involved in this process. Two disease-causing hTERT mutants, P704S and R865H, have provided additional mechanistic insight into the telomerase DNA-binding process. Patients with these mutations had shorter telomeres than age-matched family members lacking the mutations [35, 36] , suggesting that a defect in telomerase activity is the cause of their disease. The effect of the P704S mutation on DNA and nucleotide interactions in our study was subtle but revealing: the kinetic and thermodynamic properties were similar to wild-type telomerase. However, in general, P704S telomerase had lower K d values than wild-type telomerase but higher k off values. This behaviour necessitates an increase in the on-rate ( Figure 3E ) and is consistent with our proposal that Pro 704 participates in a conformational change associated with DNA binding. Our structural model of the hTERT active site is consistent with this interpretation; Pro 704 lies adjacent to Pro 703 and Pro 702 in a loop of this model ( Figure 1B) . Three or more consecutive proline residues can form a specific very stable type of helix, a PPII helix [61] , and such a rigid element in the loop may be necessary to modulate any DNA-induced conformational change. Mutation to serine would disrupt the PPII helix; we have shown that this imparts greater flexibility to the loop ( Figure 6A ), enabling a faster conformational change and hence greater k F ( Figure 3E ). Structures of p53 in complex with DNA revealed that sequence-specific DNA binding proceeds via an induced-fit mechanism that involves a conformational switch in a loop in the DNA-binding domain; a mutant p53, which imparted greater flexibility to this loop, resulted in increased affinity for DNA but higher k off values [53] , behaviour similar to the binding kinetics of P704S telomerase. It is likely that increased flexibility at the Pro 704 loop is also detrimental to nucleotide incorporation at the active site itself, since P704S results in decreased rates of nucleotide incorporation at every template position ( Figures 4F and 4G) . We propose that the loop in which Pro 704 resides is an important feature of conformational regulation of telomerase, particularly at the step of initial binding to DNA.
In contrast, the R865H mutation resulted in a significant reduction in affinity for DNA at every position along the template, which allows the DNA to dissociate before it is able to translocate, resulting in a complete lack of true processivity. In our hTERT model, Arg 865 participates in a cation-π interaction with the aromatic ring of Tyr 846 on a putative DNA-binding helix in the palm of the telomerase reverse transcriptase. Mutation to histidine would break this interaction with Tyr 846 ( Figure 6B) ; this cation-π interaction may be essential for stabilizing the position of the DNA-binding helix. A Y846C mutation has been identified in a patient with very short telomeres (within the first percentile) suffering from aplastic anaemia [35] . Thus, mutation of either of the residues involved in the cation-π interaction, Arg 865 or Tyr 846 , can lead to telomere dysfunction [35, 36] . The DNA-binding defect of R865H, together with the existence of the Y846C patient mutation, provides strong validation for the hTERT homology model.
The high-affinity DNA interaction provided by Arg 865 emphasizes the importance of protein-DNA interactions at the 3 end of the substrate, in addition to the more well-characterized 5 anchor site of telomerase [24, 28, 29, 62, 63] . The importance of human telomerase protein interactions with the 3 end of the DNA, relative to affinity provided by RNA-DNA interactions, was recognized over a decade ago [34] , but identification of specific amino acids involved in these interactions has been slower [27, 32] . The DNA-binding affinity defect of R865H is of the same order of magnitude as that of a mutation in a pocket of the TEN domain (170-175), and the two mutations also share a specific defect in catalysing addition to a primer ending in TAG [32] . This suggests the possibility that the TEN domain is in close juxtaposition to this part of the RT domain, and the two co-operate in stabilizing DNA 3 interactions. DNA-binding-induced conformational changes could occur in the TEN domain in addition to the RT domain. We propose a model for the binding of telomeric DNA by telomerase in which Arg 865 interacts with Tyr 846 , stabilizing the position of the DNA-binding helix ( Figure 6B ). Arg 865 contributes high-affinity binding interaction(s) with the 3 end of telomeric DNA, regardless of register, in concert with affinity provided by the TEN domain. Initial DNA docking at each template register is followed by a distinct conformational change that regulates the stability of the telomerase DNA complex. These conformational changes are modulated by the rigidity of the loop containing Pro 704 , in addition to other as-yet unidentified protein or RNA movements and result in the 3 end of the DNA being positioned optimally for nucleotide addition. These data highlight the capacity for naturally occurring disease mutations to reveal details of specific steps of the telomerase mechanism. They also emphasize that efforts to develop telomerase activators as treatments for patients of short telomere syndromes should take into account the various mechanisms for telomerase inactivation in these patients.
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